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ABSTRACT

Past research on air quality within the Kathmandu Valley indicates that diesel vehicles make a substantial contribution to
the ambient pollution. Hence, it’s important to identify cost-effective measures for reducing their emissions. As a first step,
roadside observations of diesel vehicles were recorded between February and April 2017 at six locations: two on the ring
road (RR), two inside the RR, and two on major arterial highways outside the RR. Out of all diesel vehicles observed (n =
12,039), 35% were emitting a visible plume of black smoke and hereafter are referred to as “superemitters”. Of the 4,248
superemitters, 45% were buses of varying sizes, 34% were large trucks, and 19% were small pickups. Superemitters made
up the largest fraction of diesel vehicle traffic on the RR (43%—46%) but were also abundant inside the RR (27%—-29%)),
where human population and pollutant exposure is greatest. Upon developing a comprehensive understanding of the
superemitting vehicle types and ownership, maintenance patterns and servicing costs were studied through a survey of
vehicle owners, vehicle drivers, and local maintenance centers. The costs of general servicing ranged between USD 16 for
tractors and USD 203 for construction vehicles depending on the size of the vehicle. Lastly, the effect of general servicing
on emissions while idling was explored for a small sample of superemitters (n = 4). PM, s emissions reduced from 10.90 g L'
to 3.76 g L' and BC emissions reduced from 0.847 g L' to 0.596 g L' after servicing. Taken together, results from this
roadside surveillance study and exploratory emission-measurement campaign provide preliminary evidence that a policy of
mandatory, routine maintenance of a targeted subset of the diesel fleet can systematically reduce emissions and improve air
quality in the Kathmandu Valley and other cities around the world that are facing similar problems.
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INTRODUCTION South Asian region (Parajuly, 2016; Mahapatra et al., 2019).

Earlier, air quality studies were limited in scope, especially

Air pollution levels are extremely high in urban areas of
low- and middle-income countries (LMIC), where they
represent an enormous burden on public health. Extensive
research has been conducted in the urban areas of LMIC in
recent decades (Edgerton et al., 1999; Molina and Molina,
2004; Petkova et al., 2013; Wang et al., 2013; Sahu and
Kota, 2017), but the pace of air quality improvement remains
slow in many of those cities (Colbeck et al., 2010; Maji et
al., 2015; Njoku et al., 2016). Among those cities, the
Kathmandu Valley is one such highly polluted area in the
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because of the absence of appropriate instruments for
measurements in the valley. This had caused inaccurate
quantification of the total pollution load. However, in recent
years, high-quality measurements of air quality have been
started to address this issue.

A recent study conducted by Mahapatra et al. (2019)
indicates an increasing trend of aerosol loading within the
Kathmandu Valley by approximately 50-60% in between
2000-2015. This high pollution load could be attributed to
rapid population and vehicular growth along with the
increase in the energy demands of the valley. At the same
time, the diurnal and seasonal variations in the pollutants of
the valley were strongly influenced by the changes in the
vehicle fleet (Sharma et al., 2012). Meanwhile, few source
apportionment studies pointed out that emissions from
vehicles, brick kilns, residential combustion, waste/biomass
burning and soil dust, were the major contributors to
pollution in the valley (Stone ef al., 2010, 2012; Kim et al.,
2015; Sarkar et al., 2017; Shakya et al., 2017). All these
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recent studies suggest that vehicular emissions is one of the
major contributing factors to the ambient air pollution
throughout the year (Sarkar et al., 2017; Shakya et al., 2017).
On top of this, vehicular traffic is growing most rapidly, and
in the period 2006-2016, it rose at a rate of 17.94%
(Department of Transport Management, 2017). In 2004—
2005, particulate matter with an aerodynamic diameter of less
than 10 microns (PM;o) from diesel vehicles contributed to
about 27% of the valley’s emissions (Gautam, 2006). This
fraction increased to about 34% of the total PM( emissions
in 2015-2016 (Department of Environment, 2017).

Not all the diesel vehicles plying the roads of the
Kathmandu Valley contributes for pollution; in fact, a small
proportion of high-emission vehicles (about 25% of the total
diesel vehicle fleet) contributed to half of the emissions (Ale
and Nagarkoti, 2003; Zhang et al., 1995). The high-emission
vehicles are responsible for increasing the deviation in the
emission distribution, even though average emissions have
decreased substantially (Bishop and Stedman, 2008). These
high-emission vehicles can be referred to as “superemitters”.
Some previous studies have classified superemitter vehicles
based on visual observations (McCormick et al., 2003),
while others have differentiated them based on probability
distributions (Subramanian et al., 2009).

To date, no study has specifically examined the
composition and emission contribution of the superemitter
vehicles among the entire diesel vehicle fleet in the
Kathmandu Valley. Only limited studies on the characteristics
of these vehicle fleets have been carried out. In 2014, a
study was conducted through roadside observations and the
manual count method in order to identify the different types
of vehicles in the Kathmandu Valley (Ghimire and Shrestha,
2014). The study indicated that trucks, minitrucks and
tankers predominated among the diesel vehicles (Ghimire
and Shrestha, 2014). However, the study did not address the
composition and fraction of the superemitter vehicles
among the total diesel vehicle fleet in the valley. In this
study, therefore, we have identified — in terms of vehicle
type and vehicle owner — the contribution of the
superemitter vehicles to pollution.

Given the significance of diesel vehicle emissions and
their contribution to Kathmandu’s air quality, it is important
to understand the emission factors (EF) of individual
vehicle types. To date, only one study has been conducted,
and that too only on the EF of pollutants and the impact of
general servicing of gasoline vehicles in the Kathmandu
Valley during engine idling (Jayarathne et al., 2018). The
study indicated that the EF of PM»s reduced by 92% after
servicing (Jayarathne et al., 2018); however, the values for
diesel vehicles remain unknown. The emissions (PM, s and
black carbon, BC) from diesel vehicles were higher than
those from gasoline ones (Kirchstetter et al., 1999; Ban-Weiss
et al., 2008), and so we initiated a pilot study to understand
the EF of pollutants from diesel vehicles. The PM,s, BC,
CO and CO; EFs of different types of diesel vehicles were
measured during idling, and we also tried to understand the
influence of general servicing on the reduction of emissions
from diesel vehicles.

Many initiatives have already sought to control emissions

from diesel vehicles. One of these, the inspection of diesel
vehicles, was ineffective (Ale and Nagarkoti, 2003; Faiz et
al., 2006). There are still not enough efficient technologies
and human resources to carry out efficient vehicle testing in
the valley (Jha, 2001; Gurung, 2016). Recently, the head of
the Department of Transport Management (DoTM) publicly
acknowledged that the inspection and maintenance program
in Kathmandu is non-functional (Gurung, 2016). However,
it’s clear that the controlling of emissions from vehicles,
including superemitters, can be addressed by cost-effective
(Bond and Sun, 2005; Bhandarkar, 2013). The emissions
from diesel vehicles after servicing were low compared to
the vehicles that had not been serviced (Larssen et al., 1997),
and in the Kathmandu Valley, they reduced by 34-42%
after servicing (Ale and Nagarkoti, 2003).

The present study, through roadside observations in the
Kathmandu Valley, tries to understand the dominance of
superemitter diesel vehicles with respect to vehicle types
and vehicle owners. To our knowledge, it is the first study
in Nepal and Kathmandu Valley that records, through
measurements, the EFs from diesel vehicles and explores the
impact of proper servicing on emissions. Earlier, numerous
studies had been carried out to estimate the emission load of
various pollutants from different vehicle types. These
emission inventories were prepared using decades-old EFs
from different countries (Shrestha and Malla, 1996; Shrestha
et al., 2013; Ghimire and Shrestha, 2014; Bajracharya and
Bhattarai, 2016). This created a huge uncertainty (in terms
of overestimation or underestimation) in the emission
inventory of the Kathmandu Valley (Sarkar et al., 2017,
Mabhapatra et al., 2019). A realistic and updated emission
inventory of the vehicle fleet in the valley has yet to be
developed and there is a strong need to develop it by
incorporating local estimates to reflect the real scenario of
the area (Mues et al., 2018; Mahapatra et al., 2019).

This study provides the initial inputs into preparing an
emission inventory of these vehicles; this will also help
quantify global emissions. Further, it will provide evidence
so that informed decisions can be taken in controlling the
ambient air pollution in the Kathmandu Valley. An
important point is that the EF calculated for diesel vehicles
in this study, and the impact of servicing, do not represent
all the diesel vehicles in the valley. In this regard, larger, in-
depth studies have been conducted (Zhang et al., 1995),
along with regular monitoring. However, our study provides
a baseline value for future research calculation of EF of
diesel vehicles in the valley during engine idling, along with
data on the impact of servicing on the EFs of these vehicles.
In the future, we propose to carry out a detailed study of the
emissions from different types of vehicles during idling, and
when moving uphill and downhill, which will represent all
diesel vehicles and driving conditions prevalent in the
valley.

METHODS

Roadside Survey
A prominent feature of the Kathmandu Valley roadway
network is a 27-km-long ring road (RR); it encompasses the
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urban centers of Kathmandu and Lalitpur, and carries two-
way traffic, with four lanes in each direction. Numerous
arterial roads emanate outward from the RR, while the two
main arteries carry traffic to and from Bhaktapur (Eastern
Highway) and the Trishuli River Valley (Western Highway).
A web of local and residential streets, and a few multi-lane
collectors, lie within the RR (Fig. 1).

Our survey locations were selected to characterize the wide
variety of diesel traffic found in and around Kathmandu.
The sites included two on the RR (Ekantakuna and
Chabahil), two inside the RR (Kuleshwor and Sorakhutte),
and one on each of the main arterial highways outside the
RR (Ghathaghar and Kalanki). The exact locations met three
selection criteria: (i) free-flowing traffic; (ii) minimal road
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Fig. 1. (a) Map of Nepal indicating the study area (Kathmandu Valley); (b) Map of study area showing the ring road
encircling Kathmandu and Lalitpur; (c) Sample points on the ring road, inside the ring road, and the arterial highways.
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dust in the vicinity so that dust plumes would not obscure
the surveyors’ view of exhaust plumes; and (iii) either slight
uphill gradients or the presence of speed breakers.

Among the six selected locations, three had a speed
breaker on the road and the other three were on gently
sloping stretches. The drivers had to either accelerate after
crossing the speed breaker or increase their power output to
go uphill. In both cases, the surveyors were afforded the
opportunity to see whether the vehicle was emitting a visible
plume of smoke.

Observations were collected on one working day at each
site between February and April 2017 (Table 1). The data
were recorded manually during daylight hours. Only diesel-
powered vehicles were counted and only the traffic flow in
one direction (i.e., uphill or immediately after the speed
breaker) was considered. Superemitter vehicles were
differentiated from normal vehicles if the plume of black
smoke was visible behind the tailpipe of those vehicles.

Classification of Vehicles and Color of License Plates
Eight vehicle types were chosen to segregate the fleet by
vehicle size and transport purpose (i.e., cargo versus
passenger). The cargo vehicle types were truck (carrying
goods other than construction materials), tipper (carrying
construction materials like sand and gravel), tanker (carrying
water and oil), pickup (light-duty truck having a gross
vehicle weight of < 4 metric ton), tractor (that transports
goods and also used on farms), and construction vehicle
(e.g., roller and bulldozer). Because the counts were very
low, construction vehicles and tractors were grouped
together as a single vehicle type. Passenger vehicle types
were bus (> 26 seats), minibus (1625 seats), and microbus
(< 15 seats) — all inclusive of the driver’s seat.
In Nepal, the license-plate color distinguishes the type of
owner each vehicle is registered to (Government of Nepal,
1993). In order to find some correspondence between vehicle
owner and emission characteristics, the surveyed vehicles
were further subdivided by the color of their license plates:
e Vehicles providing shared transport (e.g., buses and
for-hire trucks) — black plate with white characters and
white plate with black characters

e Privately owned vehicles — red plate with white
characters

e Tourism vehicles (e.g., owned by hotels and tour
operators) — green plate with white characters

e Government-owned vehicles — white plate with red
characters

e Vehicles owned by national corporations (e.g., Nepal
Electricity Authority, Nepal Telecom) — yellow plate
with blue characters

e Diplomat-owned vehicles (e.g., United Nations fleet,
Embassy employees) — blue plate with white characters

Maintenance Survey

Several surveys were conducted — between 17 April and
12 May 2017 — to characterize the patterns of diesel vehicle
maintenance in the Kathmandu Valley. A total of 193
owners and drivers of different types of diesel vehicles were
surveyed at Balkhu, Balaju, Kalanki, Kalimati, Ratnapark,

Table 1. Roadside survey locations with composition of superemitter vehicles.
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and Gongabu. In addition, 29 local maintenance centers were
surveyed to get their perspectives on how closely Kathmandu
drivers and vehicle owners adhered to the recommended
maintenance schedules. Our initial conversations with the
owners and drivers indicated a preference towards locally
owned, unaffiliated workshops, and so we conducted surveys
at 26 such workshops and with only 3 authorized dealers.

Measurement of EF and Calculations

The Ratnozel (Mountain Air Engineering, USA) portable
sampling system was deployed at the maintenance centers
from 28 August through 7 September 2017 to measure
emissions from normal and superemitter in-use diesel
vehicles under idling conditions. This system measures in situ
concentrations of PM, s (based on the scattering coefficient),
CO, CO», and BC (Mountain Air Engineering, 2016). The
system also measures the background concentrations of
gaseous pollutants like CO and CO; in the dilution train.
Generally, the EFs are derived from the concentration of CO
and CO,. The error would be less when the emission
concentrations of these gaseous pollutants are higher than the
background concentration. To address this issue, background
corrections are important and need to be included. This is
the standard procedure whereby the background corrections
of the samples are made; this can also be found in a previous
study conducted by Stockwell et al (2016). Pall
Corporation Teflo filter membranes and quartz fiber filter
membranes (of 47 mm diameter with 2 pm pore size) were
used to collect the aerosol particles within the filter holders.
The mass scattering efficiency (MSE) was determined to
compute the real-time concentration of PM,s. MSE is the
ratio of PM 5 scattering coefficient to its mass concentration
(Hand and Malm, 2007; Latimer and Martin, 2019). The
scattering coefficient was obtained from the instrument, and
the mass concentration from the filter samples by gravimetry
for a given sampling period. Detailed descriptions of the
equipment, flow movement and the calibration of sensors
can be found in a previous study (Adhikari et al., 2019).

The exhaust was sampled for 35-80 minutes depending
on vehicle availability. For some vehicles, it was feasible to
collect measurements before and after servicing. The
servicing of vehicles included changing engine oil, and
replacing oil, diesel and air filters. The main focus with
respect to superemitter vehicles was on the data obtained
from roadside observations. We made 14 observations and
sampled 10 vehicles (Table 2).

The average and individual fuel-based EF were calculated
from the data collected during the measurement system by
using the carbon mass balance method. This method is based
on the fuel combustion process in which the carbon mass
emitted by the vehicle exhaust equals the carbon mass of the
fuel consumed (Kirchstetter ef al., 1999; Moosmuller et al.,
2003). In this process, CO,, CO and BC were considered to be
the primary carbonaceous products emitted during the
combustion process. The EFs were calculated using the
equations reported in Adhikari ef al. (2019).

RESULTS AND DISCUSSIONS

Composition of Diesel Fleet by Vehicle Type

A total of 12,039 diesel-powered vehicles were observed
during our roadside survey, representing roughly a quarter
of the on-road diesel vehicles registered in the Kathmandu
Valley (Department of Transport Management, 2017). Our
survey results (Fig. 2(a)) show that the on-road diesel fleet
was relatively evenly divided between cargo carriers (25%
pickup, 16% large truck, 9% tipper, 2% tanker, and 1% tractor
and construction vehicle) and passenger buses (26% full-
sized bus, 12% minibus, and 9% microbus). This observed
vehicle mix was quite consistent with the vehicle
registration data from the DoTM (Table S1). A slightly
higher frequency of passenger vehicles (bus, minibus, and
microbus) was noted in our survey than in the registration
data, while the opposite was true in the case of cargo
vehicles (e.g., pickup, tipper). A likely explanation is that
the buses, on an average, travel a greater distance within

Table 2. Emission factors (g L") of diesel vehicles tested during idling.

SN Vehicle Servicing  Vebhicle Model year Emission factor (g L)

o ID status types (age of engine) PM, 5 BC CO CO,
1. \4! B Truck 2002 30.80 1.067 46.2 2580
2. V2 A Truck 2008 05.82¢ 0.396¢ 22.1¢ 2619¢
3. V3 B Bus 1998 15.50 1.358 81.3 2524
4. V3 A Bus 1998 06.64 0.899 81.4 2525
5. V4 B Bus 2012 07.29 0.460 20.4 2621
6. V5 B Bus 2013 10.10 0.949 28.6 2608
7. Vo6 B Bus 2016 07.88 0.253 46.4 2581
8. \%i B Bus 2016 08.56 0.248 40.8 2590
9. V7 A Bus 2016 03.03 0.211 48.6 2577
10. V8 B Tipper 2016 04.97 0.285 37.8 2594
11. A% A Tipper 2016 02.67 0.282 319 2604
12. V9 B Tipper 2009 06.52 0.404 17.3 2626
13. V10 B Pickup 1999 14.60 1.494 20.3 2620
14. V10 A Pickup 1999 02.71 0.993 22.2 2618

Note: B, EF before vehicle servicing; A, EF after vehicle servicing (changing engine oil, and oil, diesel and air filters).
2 represents only changing diesel filter; unable to obtain data before servicing.
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Kathmandu than do cargo vehicles (Bajracharya and Bhattarai,
2016). Supporting this explanation at the other extreme
were tractors and construction vehicles (e.g., excavators,
cranes, and road-construction equipment) which are known
to contribute very little to the fleet total of Vehicle
Kilometres Travelled (VKT). These vehicles comprised
only 1% of the diesel traffic at our survey sites, but
constituted 6% of the registered vehicles (Table S1).
Considerable spatial heterogeneity in the mix of diesel
vehicles can be seen in Fig. 2(b). At both the survey sites
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inside the RR (Sorakhutte and Kuleshwor), pickup trucks
made up 38% and 42%, respectively, of the diesel traffic.
This was noticeably higher than at the other four locations
(17-25% pickups) where heavy-duty trucks and tippers
were allowed to transport goods. The highest fraction of
trucks was found along the Western Highway (30%) which
is the primary route for cargo transport to/from India and
southern Nepal. Trucks of this type were also quite common
on the Eastern Highway (18%) and along the RR in
Ekantakuna (21%). The highest frequency of tippers was

1% 2%

m Pick-up

B Truck

I Tipper

B Tanker

M Tractor and
Construction Vehicle

OBus

Minibus

B Microbus

Fig. 2(a). Composition of all vehicles from roadside observations. The first five vehicle types represent cargo diesel
vehicles; the remaining three types represent passenger diesel vehicles.
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found on the Eastern Highway (18%) where the transport of
construction materials is prevalent and a high concentration
of brick kilns is located.

The highest fractions of buses and microbuses (37% and
21%, respectively) were along the RR in Chabahil owing to
the close proximity of a bus depot. Passenger buses, as a
whole, were also more than the number of cargo vehicles at
both sites inside the RR, but not at the other three survey
sites. Among the types of passenger buses classified in our
survey, full-sized buses were the most common at all sites
except on the Western Highway (where minibus presence
was slightly greater at 19%) and inside the RR at Sorakhutte
where microbuses were the most common (21%) owing to
the vast network of narrow roads in proximity to that site.

The diesel vehicle flow rate was the highest on the Eastern
Highway (393 h™!), along the eastern segment of the RR in
Chabahil (320 h™"), and on the Western Highway (312 h™1).
The flow rate was moderate along the south-western
segment of the RR in Ekantakuna (238 h™!). The flow rate
was the lowest inside the RR (198 h™! in Sorakhutte and 134
h™! in Kuleshwor), reflecting restrictions on heavy-duty
truck traffic in the city center. One limitation of our study
was that all the surveying was conducted during daylight
hours so that the vehicles emitting visible plumes of soot
could be distinguished accurately. Nevertheless, some
informative temporal patterns in the diesel traffic were
noticeable in our data set. At all the six sites, the flow rate
of cargo vehicles peaked in the middle of the day (between
10:00 and 13:00) and was almost twice as high than in the
morning hours (ca 07:00). However, bus traffic exhibited a
completely opposite temporal profile, with flow rates at all
sites reaching their minima during midday (between 11:00
and 13:30) (Figs. S2(a) and S2(b)). Peak flow rates were
observed during either morning or evening commute hours
— depending on the direction surveyed relative to the
dominant flow of traffic — and were 2.2 times higher than the
midday minimum.

Composition of Diesel Fleet by Vehicle Owner

Shared-transport vehicles constituted almost 65% of
Kathmandu’s diesel fleet (7,786 of 12,039) at our survey
locations (Fig. 3(b)). As one might expect, most of these
were buses of varying sizes. However, a large number of
them were trucks (1,744) and tippers (946). Most of these
vehicles were hired or leased for fares. Privately owned
vehicles accounted for 31% of the diesel fleet and were
predominantly pickups. The remaining license-plate colors
were relatively uncommon in our survey: 1.6% government
owned, 1.4% tourism related, 1.2% national corporation
owned, and 0.12% diplomat owned (Table S2).

An attempt was made to corroborate the ownership
information gathered from our roadside survey against the
government data on vehicle registrations. However, we
were unable to isolate the latter by fuel type (i.e., in terms
of diesel-powered vehicles). For example, 3,750 blue-plate
vehicles (i.e., owned by diplomats) were registered with the
government; but most of them were fueled by petrol and that
fraction had not been tabulated in Nepal’s registration
database.

Given the sizeable body of evidence summarized above,
we concluded that the 12,039 diesel vehicles observed in our
survey were characteristic of Kathmandu’s vehicle fleet
during February—April 2017. Therefore, it is appropriate to
use this database to draw conclusions about the superemitting
subpopulation of vehicles within Kathmandu’s diesel fleet.

Prevalence of Superemitters in Kathmandu

Altogether, 4,248 diesel vehicles (i.e., 35% of the
Kathmandu fleet) were visually identified as superemitters
based on the plume of black smoke seen spewing from their
tailpipes. Although this is a qualitative measure of the
emissions, it lays a foundation for more quantitative studies
in the future. Previous reports estimated that 20% of the
diesel trucks and buses in Kathmandu were ‘“smoke
belchers” (Larssen et al., 1997), but we could not find any
systematic surveys for comparison with the present results.

An analysis of Kathmandu’s vehicle inspection data (Ale
and Nagarkoti, 2003) found that between 25% and 40% of
the diesel fleet was responsible for half of the smoke
emissions from April 2000 to April 2003, which is
consistent with our roadside survey findings. More recent
data from Kathmandu’s vehicle inspection program are
unreliable owing to the inadequate calibration of equipment
at the test facilities (Gurung, 2016).

It is noteworthy that the superemitter fraction is much
higher in Kathmandu (i.e., 35%) than in other countries. For
example, an extensive review of relevant literature has it
that about 20% of the diesel fleet in Asia and Latin America
are superemitters (Bond et al., 2004). In China, about 20%
of the diesel fleet were responsible for half of the BC
emissions in 2009 (Wang et al., 2011). In the USA, this
figure drops to less than 5% (Park et al., 2011).

Influence of Speed Breakers

Table 1 suggests some spatial variability in the
superemitter fraction: that is, it is most prevalent on the RR
(43-46%) and less prevalent inside the RR (27-29%). This
variability cannot be explained by spatial differences in the
vehicle mix because it persists even when the same
comparison is made for individual vehicle types. For
example, the superemitter fractions for each of the eight
vehicle types at the RR sites are higher than the corresponding
fractions inside the RR.

Ultimately, the site-to-site variability in the superemitter
fraction may be attributed to differing roadway
characteristics. The fraction was higher at all sites next to
speed breakers than at any of the sites where traffic was
free-flowing (Table 1). This result held true for individual
vehicle types as well. There is a statistically significant
difference between the proportion of emitters in speed
breaker and free-flowing road conditions. The implication
is that the diesel vehicles in Kathmandu are more likely to
belch smoke during acceleration (i.e., immediately after
passing over a speed breaker) than when driving up a slope
(1.6-7.1%) (Table 1).

Superemitters by Vehicle Type
It is evident that the vehicle types with the highest
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superemitting fractions were truck (51%), tanker (50%), and
tractor and construction vehicle (48%); the three vehicle
types with the lowest superemitting fractions were pickup
(27%), minibus (27%), and tipper (29%) (Fig. 3(a)). Most of
the trucks and tankers were old (Department of Transport
Management, 2017) and did not comply with European
Union norms. This has led to higher emissions from these
types of old vehicles. However, tippers being the newly
introduced heavy vehicles to the Kathmandu Valley fleet
(Department of Transport Management, 2017) are
compliant with Euro III norms, and have more advanced
engine modifications than the older vehicles. Consequently,
these vehicles were found to emit less. The majority of the
tractor category included in this study had a small engine
capacity, but high emissions. Usually, most of these tractors
were old and had two-stroke engines. These types of engines
are less efficient in fuel utilization and lack efficient
lubrication systems, thereby exacerbating engine wear and
tear, and increasing the emissions (Manufacturers of
Emission Controls Association, 2014; Alves et al., 2015).

When focusing on data from the sites with speed breakers, a
significant difference was found between the microbuses at
Chabahil (on RR2) and those at Kalanki (on the Western
Highway). There was a higher number of superemitter
microbuses at Chabahil. This might have been because,
among the shared microbuses that are only used on the RRs,
the majority were superemitters. The other influencing factors
for this might also be traffic congestion and road conditions,
which triggered a higher number of full-size superemitter
buses at Chabahil compared to Kalanki.

At sites with free-flowing traffic, the most significant
difference in emission characteristics was found between
the full-size buses at Kuleshwor (in RR1) and those at
Ghathaghar (on the Eastern Highway). Most of the full-size
Nepal Yatayat buses at Kuleshwor were superemitters; but
these were found to be absent at Ghathaghar. This might
have resulted in a higher number of superemitter vehicles in

Kuleshwor.

Superemitters by Vehicle Owner

The highest superemitter vehicles were shared-transport
ones (39%) (Fig. 3(b)). This result was similar to those
reported in the study by Ale and Nagarkoti (2003) in 2000—
2001 and 2001-2002. One explanation may be that shared-
transport vehicles are most extensively utilized, often to the
point of overloading (Faiz et al., 2006). In addition, people
pay less to use these facilities, and so the owners are less
concerned about maintaining their vehicles. The
superemitting fraction was the lowest for tourism vehicles
(16%) and diplomatic vehicles (0%). Tourism is one of the
income-based sectors that provides and attracts its guests
with the best facilities, and so tourist vehicles are clean and
well maintained. The diplomatic vehicles are the highest
standard vehicle type in Kathmandu’s fleet and are
maintained regularly. These two sectors do not favor old,
inferior vehicles and prefer those with lower emissions.

For a few vehicle types, our data set is large enough to
explore whether the emission characteristics are significantly
affected by vehicle ownership. For example, we found that
almost all national corporation tankers were superemitters
(15 of 16), whereas the opposite was true of private tankers
(5 of 31). Among the more common vehicle types, we
should note that microbuses with black plates were twice as
likely to be identified as superemitters (40%) than
microbuses that were not shared-transport (20%).

Vehicle Servicing

Vehicle servicing was based both on travel distance and
working period. Vehicle servicing (except for tractor and
construction vehicle) was based on the distance travelled.
The total cost of general servicing for each vehicle type
included the cost of engine oil; oil, diesel and air filters; and
labor. The average total cost of general servicing ranged
between USD 16 for tractor and USD 203 for construction
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Fig. 3(a). Composition of superemitter vehicles based on vehicle types. The numbers above each bar represent the total

number of individual vehicle types that were observed.
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Fig. 3(b). Composition of superemitter vehicles based on registration. “Shared-transport” represents both the vehicles having
black plates and white figures, and those with white plates and black figures. The numbers above each bar represent the total
number of observed vehicles with particular color of license plates.

vehicle depending on the size of vehicle included in this
study (Table S3). The cost of servicing varied according to
the engine size of the vehicle. For example, the maximum
total cost was for a construction vehicle with the highest
engine capacity, and the minimum was for a tractor with the
lowest engine capacity. The total costs of servicing were
similar for all types of vehicle, according to the respondents
from vehicle owners and local maintenance centers, with the
difference ranging between 1% and 25%. In addition, most
(71%) respondents were found to perform routine servicing
of vehicles, of which 70% were normal (non-emitters).
However, among 29% of the non-routinely serviced vehicles,
53% were superemitters.

EF of Diesel Vehicles

Fuel-based EFs were used in this study because their
variation is comparatively less in terms of driving mode,
vehicle weight and engine power compared to travel-based
EFs (Kean et al., 2003; Park et al., 2011; Fu et al., 2012).
The fuel-based EFs of pollutants that were measured during
idling are shown in Table 2. The EFs of CO, PM, s and BC
ranged between 17.3 g L' and 81.3 g L', 497 g L' and
30.80 g L', and 0.248 g L' and 1.494 g L', respectively,
before servicing (Table 2). It is notable that during idling of
heavy diesel vehicles, the EFs of PM» s and BC were higher
than in other countries (Table 3). For example, the average
EFs of PM; 5 and BC for heavy diesel vehicles in this study
were 18.62 g kg™! and 0.827 g kg!, respectively. In a 2007
study performed by Park ef al. (2011) in the USA, they were
reported to be 0.37 g kg™ and 0.220 g kg™!, respectively,
during idling. Another example comes from China where
the EF of BC was 0.160 g kg™! for heavy diesel vehicles
(Deng et al., 2017). This clearly represents high variations
in EFs of PM,s and BC. However, the average EF of CO
was found to be low compared to the study conducted by

Park et al. (2011).

The emissions from diesel vehicles during idling are
different from those when driving which are measured to
obtain realistic data from diesel vehicles. There are various
approaches to measure the EFs from these vehicles, like
dynamometer and tunnel tests, which represent the different
modes of driving conditions. However, dynamometer tests
are quite expensive, while tunnel tests are limited to specific
driving conditions. The present study was conducted for the
first time in Nepal and in Kathmandu Valley to measure the
EFs from diesel vehicles. We were able to measure the EFs
in the idling condition as it was comparatively cheap, and
this helped us obtain realistic EFs from the diesel vehicles
at the local level. Although the EFs in the idling condition
vary from those in the driving condition, still the data
represents certain percentage of the latter. An earlier study
observed that EFs of pollutants during the idling condition
represents about 5 to 75% of the driving condition
(McCormick et al., 2000). Another study reported the
representation of pollutants during the idling condition to
be in the range of 66 to 74% of the driving condition (Park
et al., 2011). Although we were not able to perform the
study during the driving condition, we can still compare the
EFs obtained in the idling condition to those in the driving
condition through these representative values. In this study,
we compared idling EF with driving EF through the
representative data given by Park et al. (2011). The EF of
PM; s in the idling condition calculated in this study was
high compared to what the studies found in the USA, China,
Germany and Switzerland during the driving condition, for
both light and heavy diesel vehicles (Weingartner et al.,
1997; Kirchstetter et al., 1999; Ban-Weiss et al., 2008;
Schneider et al., 2008; Liu et al., 2009; Wang et al., 2011;
Huo et al., 2012) (Table 3). The EF of BC was also found
to be higher compared to what the studies found in the USA,
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Germany and Switzerland during the driving condition, for
both the light and heavy diesel vehicles (Weingartner ef al.,
1997; Ban-Weiss et al., 2008; Schneider et al., 2008).
However, the EF of BC observed in this study was also
found to be lower compared to what the studies found in the
USA in 1997 and China in 2009 for heavy diesel vehicles
(Kirchstetter et al., 1999; Wang et al., 2011). The EF of CO
for light- and heavy-duty vehicles was similar to what the
studies found in the USA and China (Burgard e al., 2006;
Bishop et al., 2001; Wang et al., 2011; Huo et al., 2012)
(Table 3). These comparisons helped us to get a general idea
about the EFs of diesel vehicles in the Kathmandu Valley
with respect to those of other places in the world.

Of the three different pollutants, the variations in the EF
of PM, 5 were the most prominent. There are various reasons
behind this apparent inconsistency in the emission data
proffered by earlier studies conducted in different countries.
They may include fuel composition; design and age of
engine; manufacturing company; operating conditions;
maintenance pattern; road conditions; traffic conditions; and
environmental conditions (such as temperature, pressure,
humidity, and altitude) during the measurements.

Influence of Vehicle Age on EF

The EFs of CO, PM, s and BC were at their maximum for
bus, truck, and pickup, respectively, during idling (Table 2).
These three types of vehicle tested were older (more than 15
years) than the other vehicles tested in this study. The new
vehicles (such as tippers and buses) had comparatively
lower emissions than old trucks and buses. The EFs of
PM, 5, BC and CO for old trucks were more than fivefold,
more than threefold, and one-threefold higher, respectively,
than for new tippers. Similarly, the EFs of PM, s, BC and CO
for old buses were twofold, one-fivefold, and two-fourfold
higher, respectively, than for new buses. The study of heavy
diesel vehicles conducted by Chen et al. (2007) indicated
that in China, the EF of CO for old vehicles was threefold
higher than for new vehicles. Another study conducted in
Slovenia in 2011 disclosed the EF of BC for old, heavy
diesel vehicles (of more than 10 years) to be 41% more than

100

those for new vehicles (of 5-10 years) (Jezek ef al., 2015).
Similarly, in China, PM emissions were higher in the case
of old vehicles (China III emission standard) compared to
the new ones (China IV emission standard) in 2016 (Wang
et al., 2018). The possible reason behind the high EF from
old vehicles might have to do with poor engine combustion
and irregular maintenance (Faiz et al., 2006; Chen et al.,
2007).

Impact of Servicing on EF

The average EFs of PM,s and BC reduced by 66% and
30%, respectively, just after vehicle servicing; however, the
EF of CO increased by 2% during idling when averaged
across four vehicles (Fig. 4). The EFs for both the
conditions, before and after servicing, were higher in the
beginning, and later on, decreased and attained a stage of
stability (Figs. 5(a), 5(b) and 5(c)). The EF of PM 5 reduced
by 57% and BC by 34% after servicing, particularly in the
case of old buses. Similarly, the EFs of PM,s and BC
reduced by 65% and 15%, respectively, after new buses
were serviced. One limitation in measurement was that there
were no old, heavy cargo diesel vehicles for us to observe
the impact of servicing. However, in the case of new tippers,
we observed reductions in the EFs of PM, s and BC by 46%
and 1%, respectively, after servicing. In addition, servicing
an old, light-duty vehicle (e.g., pickup) resulted in
reductions in the EFs of PM,s and BC by 81% and 34%,
respectively. Surprisingly, there was an increase in the EF
of CO in both heavy- and light-duty vehicles of any age (old
and new) after servicing. A similar case was observed in a
previous study conducted for gasoline vehicles (Stockwell
et al., 2016). The exact reason for this is still unknown
(Stockwell et al., 2016). Further detailed studies with a
greater sample size are needed to understand this unusual
increase in the EF of CO after servicing. However, the EF
of CO decreased by 16% in the case of new tipper. Overall,
it can be said that vehicle servicing helps to reduce
emissions from different types of vehicles of any age,
thereby contributing to the mitigation of diesel emissions in
the Kathmandu Valley.
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Fig. 4. Impact of servicing on EFs of CO, PM,s, and BC. Servicing included changing the engine oil, and replacing oil,

diesel and air filters.
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Fig. 5(c). Real-time EFs of BC for pick-up before and after servicing.
CONCLUSIONS

This is the first study of its kind in Nepal which provides
the EFs of PM,s, BC and CO from diesel vehicles, while
also exploring the impact of servicing on emissions. It
presents roadside observations of diesel vehicles in the
Kathmandu Valley, discusses the cost of general servicing,

and provides measurements of the EF during idling condition
from diesel vehicles. From these roadside observations, we
found that only some specific vehicles in the entire diesel
vehicle fleet were superemitters. We compared the EF
during idling from this study with previous studies and
found them to be higher than in other countries. The average
total cost of general servicing for all types of vehicle was
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approximately USD 90-100. General vehicle servicing
reduces the EF of PM» s by 66% and of BC by 30% during
idling. However, the study does not report an improvement
in the EF of CO after servicing. The EFs presented here do
not in themselves represent the entire diesel vehicle fleet of
the Kathmandu Valley. However, the data provides a strong
foundation for future research in the field of diesel vehicle
emissions. Thus, this study helps in providing initial inputs
toward the preparation of an emission inventory for diesel
vehicles which can be used in quantifying global emissions,
and it also provides a base to explore the cost-effectiveness
of mandating routine servicing in order to mitigate vehicular
pollution in the Kathmandu Valley.

There exists some limitations which we were not able to
address in the present study. The roadside observations were
not conducted during night-time due to safety issues.
Similarly, the emissions from vehicles were not characterized
based on speed of vehicles, seasonality of driving pattern as
well as observations were not conducted during weekends.
The EFs were also not measured during driving on plain or
slope, and loading or unloading; further we were not able to
carry out follow-up measurements after servicing due to
strong resistance from the vehicle owners. Moreover, it was
highly difficult to track down the same vehicle and get the
owner’s consent for undertaking emission measurements. In
order to overcome such limitations, it is highly essential that
academic, governmental and non-governmental agencies are
brought together to organize larger campaigns in order to
generate robust data on EFs from diesel vehicles.
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